The exposure of Staphylococcus aureus to a broad range of cell wall-damaging agents triggers the induction of a cell wall stress stimulon (CWSS) controlled by the VraSR two-component system. The vraSR genes form part of the four-cistron autoregulatory operon orf1-yvqF-vraS-vraR. The markerless inactivation of each of the genes within this operon revealed that orf1 played no observable role in CWSS induction and had no influence on resistance phenotypes for any of the cell envelope stress-inducing agents tested. The remaining three genes were all essential for the induction of the CWSS, and mutants showed various degrees of increased susceptibility to cell wall-active antibiotics. Therefore, the role of YvqF in S. aureus appears to be opposite that in other Gram-positive bacteria, where YvqF homologs have all been shown to inhibit signal transduction. This role, as an activator rather than repressor of signal transduction, corresponds well with resistance phenotypes of ⌬YvqF mutants, which were similar to those of ⌬VraR mutants in which CWSS induction also was completely abolished. Resistance profiles of ⌬VraS mutants differed phenotypically from those of ⌬YvqF and ⌬VraR mutants on many non-ß-lactam antibiotics. ⌬VraS mutants still became more susceptible than wild-type strains at low antibiotic concentrations, but they retained larger subpopulations that were able to grow on higher antibiotic concentrations than ⌬YvqF and ⌬VraR mutants. Subpopulations of ⌬VraS mutants could grow on even higher glycopeptide concentrations than wild-type strains. The expression of a highly sensitive CWSS-luciferase reporter gene fusion was up to 2.6-fold higher in a ⌬VraS than a ⌬VraR mutant, which could be linked to differences in their respective antibiotic resistance phenotypes. Bacterial two-hybrid analysis indicated that the integral membrane protein YvqF interacted directly with VraS but not VraR, suggesting that it plays an essential role in sensing the as-yet unknown trigger of CWSS induction.
The bacterial cell envelope is a major target for antimicrobial agents, most of which act by blocking or disrupting peptidoglycan synthesis (7) . The integrity of the cell envelope is essential in Staphylococcus aureus for survival and pathogenicity, as it not only protects cells against environmental stresses but also modulates colonization, virulence, and antimicrobial resistance. The structural rigidity of the staphylococcal cell envelope is provided by a multilayered and highly cross-linked peptidoglycan cell wall surrounding the cytoplasmic membrane. Accessory features governing physicochemical properties of the cell surface include wall and lipoteichoic acids, membraneassociated and peptidoglycan-anchored proteins, and extracellular polysaccharide matrices. Bacteria rely on sensory elements within their cell envelope to trigger adaptive responses to wideranging environmental conditions. A large family of such signal transducers is the two-component systems (TCS), consisting of membrane-anchored sensor kinases that respond to environmental signals and activate cognate response regulators to induce or repress specific sets of target genes.
Many Gram-positive bacteria contain TCS regulatory systems that respond to cell envelope damage or the disruption of cell wall synthesis and trigger protective cell envelope stress responses (reviewed in reference 19) . The exposure of S. aureus to diverse cell wall-targeting antibiotics, or the depletion of essential cell wall synthesis enzymes, have been shown to induce the VraSR TCS, which controls a large VraSR-dependent cell wall stress stimulon (CWSS) (14, 27, 43, 47) . The induction of the VraSR-dependent CWSS in S. aureus is thought to protect against cell envelope damage by enhancing peptidoglycan synthesis through the induction of genes, including pbp2, the only bifunctional staphylococcal penicillin binding protein (PBP) with both transglycosylase and transpeptidase activity (39) , murZ (a redundant MurA isozyme [5] ), sgtB (a soluble transglycosylase [50] ), and fmtA (an accessory PBP with low affinity for beta-lactams [13] ) (27, 30, 47) . The CWSS of S. aureus also contains several genes of currently unknown function or unknown significance to the stress response. The upregulation of the VraSR-dependent CWSS has been linked to increased ß-lactam and glycopeptide resistance phenotypes in several clinical S. aureus isolates (23, 24, 28, 30) .
The VraSR-TCS shares homology with other well-studied Gram-positive TCS modulators of cell wall stress, such as LiaRS from Bacillus subtilis, Streptococcus pneumoniae, and Streptococcus mutans and CesSR from Lactococcus species (12, 20, 29, 45) . Although these homologous systems have all been shown to respond to similar signals and function in similar ways, there is little conservation in the size of their regulons and the types of genes they control, indicating that the respective stress responses mounted are highly genus or species specific, probably in response to niche-specific stresses and required adaptive responses. The exact signal sensed by these TCS is unknown, and while there is significant overlap in the types of antibiotics or enzymes able to induce signal transduction, there also are organism-specific differences, suggesting that TCS are activated by a signal resulting from general cell wall damage and/or the inhibition of cell wall synthesis (19) .
TCS genes belonging to this family are all cotranscribed with a third gene, homologous to liaF in B. subtilis, on a single autoregulatory transcript (19) . In B. subtilis and S. mutans, the membrane-anchored LiaF protein was shown to repress LiaSR-dependent signal transduction under normal growth conditions (20, 45) . Because of the integral part LiaF plays in LiaSR signal transduction and the identical resistance phenotypes of liaF and liaR mutants in S. mutans, it was proposed that these loci are in fact three-component systems (e.g., LiaFSR). In S. aureus, little is known about the liaF homolog, yvqF, which is located directly upstream of vraS in the fourgene operon orf1-yvqF-vraS-vraR. However, the step selection of a methicillin-resistant S. aureus (MRSA) isolate first on inhibitory concentrations of imipenem and then teicoplanin was shown to select for point mutations in either yvqF or vraS at a high frequency, and some clinical glycopeptide intermediate-resistant S. aureus (GISA) isolates from diverse geographical locations were found to have different point mutations in either yvqF or vraS. However, no strains analyzed had mutations in both loci, indicating that the mutation of both genes would not confer a further resistance advantage (23) .
The inactivation of VraSR decreases resistance to most VraSR-inducing cell wall-damaging agents, indicating that the CWSS controlled by this TCS is essential for the expression of several different resistance phenotypes. Conversely, a specific point mutation in VraS, activating signal transduction in the absence of antibiotic induction, was shown to contribute to increased teicoplanin resistance in some clinical GISA (24) . No specific relationship has been found yet between any of the yvqF point mutations found in clinical S. aureus or generated by in vitro selection on imipenem/teicoplanin and the resistance phenotypes of the strains analyzed (23) .
In this study, we introduced nonpolar mutations into each of the four open reading frames (ORFs) of the orf1-yvqF-vraSvraR operon and compared their impacts on the induction of the CWSS and on resistance phenotypes to cell wall-active antibiotics, targeting several different steps of the cell wall synthesis pathway in both an MRSA and a near-isogenic methicillin-susceptible S. aureus (MSSA) strain background. We also analyzed protein-protein interactions between YvqF, VraS, and VraR using a bacterial two-hybrid (BTH) system developed by Karimova et al. (21, 22) , which was used previously to successfully show protein-protein interactions in S. aureus (40) and between members of TCS (46) .
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains and plasmids used in this study are listed in Table 1 . Bacteria were grown on sheep blood or Luria-Bertani (LB) agar plates, and liquid cultures were grown in LB with shaking at 180 rpm at a medium/flask volume ratio of 1:4. All optical density (OD) measurements given were taken at 600 nm. Media were supplemented with the following antibiotics when appropriate: 25 or 50 g/ml of kanamycin, 50 or 100 g/ml of ampicillin, 10 g/ml of tetracycline, or 10 g/ml of chloramphenicol. Phage 80␣ was used for transduction.
Construction of pKOR1 markerless mutations. The pKOR1 system created by Bae et al. (1) was used to construct a markerless deletion of orf1 and to truncate YvqF, VraS, and VraR proteins by inserting two stop codons in frame into the beginning of their respective ORFs (Fig. 1) . Primers used for plasmid construction are listed in Table 2 . For orf1 deletion, upstream and downstream genomic regions flanking orf1 were amplified using primer pairs attB1-yvqF.upF/BamHIorf1.upR and BamHI-orf1.downF/attB2-yvqF.downR, respectively. Flanking regions were digested with BamHI, ligated together, and recombined into pKOR1 using Gateway BP Clonase II enzyme mix (Invitrogen). To create pKOR1 constructs that would insert an XhoI site and two in-frame stop codons into the beginning of yvqF, vraS, and vraR ORFs, regions directly upstream and containing the first 2 to 5 codons of the ORFs, followed by an XhoI site, were amplified using the primer pairs attB1-yvqF.upF/XhoI-yvqF.upR, attB1-yvqF-upF/XhoIvraS.upR, and attB1-vraR.upF/XhoI-vraR.upR, respectively. Adjacent regions, containing the remainder of the yvqF, vraS, or vraR ORFs, preceded by two stop codons and an XhoI site, were amplified using primer pairs XhoI-stop-yvqF-.downF/attB2-yvqF.downR, XhoI-stop-vraS.downF/attB2-yvqF.downR, and XhoI-stop-vraR.downF/attB2-vraR.downR, respectively. Amplicon pairs were digested with XhoI, ligated together, and recombined into pKOR1. Mutations were introduced into the genomes of S. aureus strains RN4220 and BB270 using the inducible counterselection protocol described by Bae et al. (1) and confirmed by PCR and sequencing across the deleted or genetically manipulated region. The sequence analysis of the entire vra operon region of the yvqF mutant was also performed to ensure that no additional mutations had been introduced. All mutants were also screened by pulsed-field gel electrophoresis (PFGE) (48) to confirm that no additional major genomic rearrangements had occurred (data not shown).
vra operon complementation. The entire orf1-yvqF-vraS-vraR operon, including the published promoter region (3, 52) and predicted transcriptional terminator (http://cmr.jcvi.org/), was amplified from S. aureus COL using primers vra.compF and vra.compR (Table 2 ) and cloned into pAW17 to create plasmid pvra. To demonstrate that the mutation of yvqF introduced no polar effects on the downstream vraS and vraR genes, complementation plasmids pvra⌬YvqF and pvra⌬VraR were also constructed. These plasmids contained vra operon inserts from BB270⌬YvqF and BB270⌬VraR and were amplified using primers vra-.compF and vra.compR. Antibiotic resistance tests. Several different techniques were employed to quantitatively and qualitatively compare resistance phenotypes to 15 different antibiotics, targeting various different cell wall structures or stages of cell wall synthesis (Fig. 2) . MICs of antibiotics were determined by Etest (AB-Biodisk) according to the manufacturer's instructions. Glycopeptide MICs also were determined using the macro-Etest method, which is recommended for its high specificity and sensitivity in identifying differences in glycopeptide resistance levels (49) . Macro-Etests were performed on brain heart infusion (BHI) (BBL) agar swabbed with 2.0 McFarland suspensions and incubated at 35°C for 48 h. Broth microdilutions were performed according to CLSI guidelines (9) .
Antibiotic resistance profiles were compared by population analysis profile (PAP), whereby appropriate dilutions of an overnight culture, ranging from 10 0 to 10 Ϫ8 , were plated on increasing concentrations of oxacillin (0.5 to 512 g/ml) (InfectoPharm), teicoplanin (0.0625 to 8 g/ml) (Hoechst Marion Roussel), vancomycin (0 to 8 g/ml) (Eli Lilly & Company), flavomycin (0 to 8 g/ml) (BC Biochemie GmbH), or daptomycin (0 to 2 g/ml) (Cubist Pharmaceuticals, Inc.) and incubated at 35°C. CFU per ml were determined after 48 h. Daptomycin plates were supplemented with 50 g/ml of CaCl 2 , corresponding to ϳ27 g/ml Ca 2ϩ , which, in addition to the ϳ20-g/ml Ca 2ϩ from the Difco agar (BD Biosciences), present in the plates gave a final concentration of ϳ47 g/ml Ca 2ϩ . Gradient plates were used to compare resistance phenotypes for lysostaphin (Ambi), ramoplanin (Sigma), ceftobiprole (Johnson & Johnson Pharmaceutical Research & Development), D-cycloserine (Sigma), and Triton X-100 (Fluka). Bacterial suspensions of 2.0 McFarland were used to enhance the visualization of population heterogeneity. The suspensions were swabbed across agar plates containing appropriate antibiotic concentration gradients, and plates were incubated at 35°C for 24 to 48 h.
Relative resistance levels of strains containing the empty plasmid pAW17 and the complementing plasmids pvra, pvra⌬YvqF, or pvra⌬VraR were also compared by gradient plating, in which bacterial suspensions of 0.5 McFarland were swabbed across agar plates containing a teicoplanin gradient of 0 to 4 g/ml.
Plates for complementation comparisons were supplemented with kanamycin (50 g/ml) to ensure plasmid maintenance.
Northern blotting. Northern blot analyses were performed as previously described (32) . Overnight cultures were diluted to an OD of 0.05 in fresh prewarmed LB containing kanamycin (50 g/ml) and grown to an OD of 0.5.
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Uninduced samples were harvested, and the remaining culture was induced with vancomycin (10 g/ml) for 30 min before induced samples were collected. Total RNA was extracted as described by Cheung et al. (8) . RNA samples (8 g) were separated in a 1.5% agarose-20 mM guanidine thiocyanate gel in 1ϫ Tris-borate-EDTA (TBE) buffer (16) . Digoxigenin (DIG)-labeled probes were amplified using the PCR DIG probe synthesis kit (Roche) with primer pairs listed in Table  2 . All Northern blottings were repeated at least two times using independently isolated RNA samples. Luciferase reporter gene fusion assay. The promoter region of sas016, which corresponds to ORF SACOL0625 from S. aureus COL (accession number NC_002951), was amplified using primers SAS016.lucF and SAS016.lucR (Table  2) , digested with Asp718 and NcoI, and ligated directly upstream of the promoterless luciferase (luc ϩ ) gene in vector pSP-luc ϩ (Promega). A fragment containing the sas016 promoter-lucϩ translational fusion was then excised with Asp718 and EcoRI and cloned into the Escherichia coli-S. aureus shuttle vector pBUS1. The fusion plasmid, psas016 p -lucϩ, was transformed into S. aureus RN4220 and then transduced into further strains.
For induction assays, two identical culture broths were inoculated with an overnight culture to an OD of 0.05. Cultures were grown to between OD 0.4 and 0.5 and then split into two flasks; one was left uninduced and the other induced with vancomycin (10 g/ml). After 30 min, samples were collected from both uninduced and induced cultures. To compare luciferase activity throughout different growth stages, three separate culture broths for each mutant were inoculated with an overnight culture to an OD of 0.05 and grown for 9 h. Samples were collected at 1.5-, 3-, 4.5-, 6-, 7.5-, and 9-h time points, and ODs were recorded. Samples were harvested by centrifugation, and pellets were frozen at Ϫ20°C. For luciferase activity measurements, pellets were resuspended in phosphate-buffered saline (PBS) to an OD of 10, and aliquots were mixed with equal amounts of Luciferase assay system substrate (Promega). Luminescence was measured for 15 s after a delay of 3 s on a Turner Designs TD-20/20 luminometer (Promega).
Bacterial two-hybrid (BTH) plasmid construction and interaction screening. The yvqF, vraS, and vraR gene sequences were amplified from S. aureus COL genomic DNA and cloned into four BTH vectors to create N-terminal (pKT25 and pUT18C) and C-terminal (pKNT25 and pUT18) protein fusions to the T25 or T18 domain of Bordetella pertussis CyaA (21, 22) . To create in-frame fusions, two different inserts were amplified for each gene. Inserts amplified with x.pKT25F and x.BTHR primers were cloned into pKT25, whereas inserts amplified with x.pUT18CF and x.BTHR primers were cloned into pUT18C, pUT18, and pKNT25 vectors.
Combinations of constructs then were transformed into the reporter strain E. coli BTH101 and cotransformants were selected on LB agar containing ampicillin (100 g/ml), kanamycin (50 g/ml), 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) (40 g/ml), and isopropyl-␤-D-thiogalactopyranoside (IPTG) (24 g/ml) and on M63 minimal agar containing lactose as a sole carbon source (22) and supplemented with ampicillin (50 g/ml), kanamycin (25 g/ml), X-Gal (40 g/ml), and IPTG (24 g/ml). Cotransformants then were spotted onto LB or M63 agar containing X-Gal, IPTG, ampicillin, and kanamycin. Interactions also were quantified by performing ONPG (o-nitrophenyl-ß-D-galactopyranoside) (Sigma) cleavage assays to measure ß-galactosidase activity according to the standard protocol (34) .
Cotransformants containing the empty vectors pKT25 and pUT18C were used as a negative control. As a positive control, plasmids pKT25-sigB and pUT18C-rsbW, containing the alternate sigma factor SigB and its anti-sigma factor RsbW, from S. aureus COL, were constructed and cotransformed into E. coli BTH101. These two proteins were chosen because they have been shown to interact strongly in S. aureus (35) . BB270 containing vraR mutation, truncating VraR at the 2nd aa This study (Fig. 1 ) 
RESULTS
Antibiotic resistance profiles of orf1, yvqF, vraS, and vraR mutants. (i) MIC comparisons. MICs were measured to determine the impact of orf1, yvqF, vraS, and vraR mutations on antibiotic resistance levels in the near-isogenic MSSA (RN4220) and MRSA (BB270) strains (Table 3 ). The deletion of orf1 had no noticeable effect on antibiotic resistance levels in either strain background. The inactivation of yvqF, vraS, and vraR generally decreased resistance levels, although ß-lactam resistances (oxacillin, cefoxitin, and imipenem) were affected only in the MRSA background.
Strain-dependent differences between RN4220 and BB270 mutants also were seen in levels of resistance to some non-ß-lactam antibiotics, including fosfomycin, daptomycin, tunicamycin, and bacitracin. ⌬YvqF, ⌬VraS, and ⌬VraR mutations influenced resistance levels to various degrees, with huge MIC decreases for teicoplanin (up to 30-fold), more moderate decreases (2-to 6-fold) for bacitracin, fosfomycin, and the ß-lactam antibiotics in the BB270 background, and only marginal effects (Յ2-fold) on daptomycin and vancomycin resistance levels.
In general, yvqF and vraR mutants gave highly comparable MIC readings, indicating that YvqF was as essential as VraR for protecting against cell wall damage. MICs for ⌬VraS mutants were similar to those for ⌬YvqF and ⌬VraR mutants for some antibiotics (oxacillin, cefoxitin, bacitracin, and tunicamycin), but they were up to severalfold higher for others (teicoplanin, vancomycin, fosfomycin, and daptomycin).
(ii) PAP. For more in-depth comparisons of resistance profiles, BB270 and its orf1, yvqF, vraS, and vraR mutants were also analyzed by PAP on selected antibiotics (Fig. 3A) . Profiles of BB270⌬orf1 were identical to those of wild-type BB270 for all antibiotics tested. Teicoplanin PAPs showed severe changes in resistance profiles in ⌬YvqF, ⌬VraS, and ⌬VraR mutants, with an immediate drop of 2 to 4 log in CFU in all mutants at 0.0625 g/ml of teicoplanin, while wild-type and orf1 mutants grew on concentrations of up to 0.5 g/ml before CFU numbers began to decrease. Profiles of ⌬YvqF, ⌬VraS, and ⌬VraR mutants also showed various levels of resistance heterogeneity. ⌬YvqF and ⌬VraR mutant curves were almost identical and showed that both strains had become highly susceptible, retaining only a small subpopulation able to grow at concentrations between 0.0625 and 8 g/ml. The ⌬VraS mutant showed a markedly different phenotype; even though CFU/ml dropped immediately at 0.0625 g/ml of teicoplanin, the ⌬VraS mutant retained a much larger subpopulation that was able to grow on higher teicoplanin concentrations. Between 1 and 8 g/ml, the surviving subpopulation of the ⌬VraS mutant was even higher, by up to 2 log, than that of the wild type.
Resistance profiles of all strains displayed the same trends on vancomycin, although overall differences in resistance were much smaller and were seen within a much narrower range of vancomycin concentrations (0.5 to 4 g/ml). The resistant subpopulation of the VraS mutant once again was larger than that of the wild type at concentrations above 1 g/ml. The ⌬VraS mutant also retained a much larger resistant subpopulation than the ⌬YvqF and ⌬VraR mutants on flavomycin, although it never became more resistant than the wild type.
Conversely, ⌬YvqF, ⌬VraS, and ⌬VraR mutants all had identical resistance phenotypes on oxacillin, with all three mutants becoming much more heterogeneous at oxacillin concentrations of Ͼ16 g/ml, while the wild-type and orf1 mutants remained homogeneously resistant until they were grown at concentrations of Ͼ128 g/ml.
Daptomycin PAPs showed only small differences, but they gave a clearer picture of resistance phenotypes than the Etest readings. ⌬YvqF and ⌬VraR mutants were more susceptible than the other three strains at daptomycin concentrations of Ͼ0.25 g/ml. The ⌬VraS mutant once again appeared to be more resistant than all other strains at higher daptomycin concentrations, although only marginally so.
(iii) Gradient plate comparisons. Resistance phenotypes of RN4220 and BB270 strain sets were also compared on lysostaphin, ramoplanin, D-cycloserine, ceftobiprole, and Triton X-100 gradient plates (Fig. 3B) . Triton X-100 gradient plates showed that yvqF vraS vraR mutants were all much more susceptible than the wild type and all displayed heterogeneous resistance profiles, although the ⌬VraS mutant appeared to have a larger subpopulation able to grow on higher concentrations of Triton X-100 than ⌬YvqF and ⌬VraR. All three yvqF, vraS, and vraR mutants had indistinguishable resistance phenotypes on ramoplanin and D-cycloserine, although ramoplanin resistance was decreased to a much greater extent than D-cycloserine resistance, where observable differences were very small but highly reproducible. BB270 ⌬YvqF, ⌬VraS, and ⌬VraR mutants were also slightly more susceptible to ceftobiprole, but as with other ß-lactam-family antibiotics tested, none of the mutations affected resistance in RN4220. BB270- derived strains were also more intrinsically resistant than their RN4220 counterparts to Triton X-100 and D-cycloserine but not to ramoplanin or lysostaphin. Resistance levels to lysostaphin did not appear to be affected by any of the vra operon mutations in either strain background. Complementation. Gradient plates comparing teicoplanin resistance levels of BB270, BB270⌬orf1, BB270⌬YvqF, BB270⌬ VraS, and BB270⌬VraR, containing either the empty control plasmid pAW17 or plasmid pvra (Fig. 4A) , showed that yvqF, vraS, and vraR mutants all could be complemented by introducing the orf1-yvqF-vraS-vraR operon in trans.
To exclude the possibility that polar effects were introduced during mutant construction, a further two complementing plasmids, containing the vra operons amplified from BB270⌬YvqF or BB270⌬VraR, were created (Fig. 4B ). BB270⌬VraS and BB270⌬VraR could both be complemented by pvra⌬YvqF, indicating that vraS and vraR genes were both still functional in BB270⌬YvqF. The visual comparison of growth on gradient plates indicated that pvra and pvra⌬VraR both complemented the growth of BB270⌬VraS to wild-type levels. However, when complemented with pvra⌬YvqF, the growth of BB270⌬VraS appeared fainter, indicating that although resistance was clearly complemented, wild-type growth was not fully restored. Both BB270⌬YvqF and BB270⌬VraS could also be complemented by pvra⌬VraR, further suggesting that the introduced mutations had not created polar effects on other genes within this operon (Fig. 4C) .
CWSS induction in orf1, yvqF, vraS, and vraR mutants. The induction of CWSS genes in BB270, BB270⌬orf1, BB270⌬ YvqF, BB270⌬VraS, and BB270⌬VraR was analyzed by Northern blotting. Genes used as probes included sas016, because it is highly induced by cell wall-active antibiotics (33), and vraR, because the orf1-yvqF-vraS-vraR transcript is autoregulated and transcription should not be disrupted in the ⌬VraR mutant. Both transcripts were highly induced in wildtype BB270 and the orf1 mutant, but no induction was visible in the ⌬YvqF, ⌬VraS, or ⌬VraR mutants (Fig. 5A ). Luciferase activity from plasmid psas016 p -luc ϩ was also measured in both uninduced and vancomycin-induced cultures of BB270 and its four mutants (Fig. 5B) . Results confirmed that there was no induction in ⌬YvqF, ⌬VraS, and ⌬VraR mutants and showed that expression levels in the absence of induction were much lower in these three strains than in the wild type. ODs both before and after induction were very similar for all five strains, indicating that there were no significant differences in growth phenotypes (data not shown).
Luciferase activity measurements over growth showed that all three mutants had subtle but highly reproducible differences in sas016 promoter activity (Fig. 5C ). Luciferase activity was lowest in the ⌬VraR mutant throughout all sampling points. Activity in the ⌬YvqF mutant ranged between 1.1-and 1.7-fold higher than that in the ⌬VraR mutant, while in the ⌬VraS mutant it ranged from 1.5-to 2.6-fold higher.
BTH protein-protein interactions. The BTH system was used to analyze protein-protein interactions between YvqF, VraS, and VraR ( Fig. 6A and B) . Genes yvqF, vraS, and vraR were cloned into all four BTH vectors; however, restriction digest profiles of pKNT25(X-T25) constructs containing yvqF or vraS suggested that these clones were unstable and prone to frequent rearrangements (data not shown), and subsequently they were omitted from the study. Restriction profiles of the remaining 10 constructs appeared stable, and pairs of these plasmids were cotransformed into the reporter strain E. coli BTH101. All cotransformations were repeated at least four times using independently isolated plasmid constructs. Figure 6C shows the phenotypes of three representative clones from each cotransformation, replica plated onto minimal media containing lactose and X-Gal. Levels of ß-galactosidase activity in each of the cotransformants were also measured to compare relative interaction strengths to those of negative and positive controls (Fig. 6D) .
Positive interactions between T25-VraS and both T18-VraS and VraS-T18 fusion clones were consistent with the dimeric structure of sensor histidine kinases (2, 46) and indicated that all plasmids containing vraS functioned correctly in this system. Positive interactions resulted from three of four combinations of the YvqF and VraS plasmids, suggesting a positive interaction between these two proteins. The pairing of T25-VraS and YvqF-T18 clones consistently gave negative results, which could be due to a genuine lack of interaction or could arise as a false negative due to the orientation of fusion protein domains sterically hindering the interaction. All interactions between YvqF and VraR were negative, with ß-galactosidase levels in the same range as that of the negative control. The positive interaction between T25-YvqF and YvqF-T18 clones suggested that YvqF could dimerize, although this was not supported for cotransformants containing T25-YvqF and T18-YvqF fusions.
Remaining combinations, including VraR dimerization and VraS-VraR interaction, gave heterogenous results, with interactions arising from some plasmid combinations and not others. However, interactions between these proteins, including the signal transduction cascade between VraS and VraR and the dimerization of VraR when phosphorylated by VraS or by acetyl phosphate in vitro, have already been thoroughly described (2, 3).
DISCUSSION
VraSR-controlled CWSS induction is the major defense mounted by S. aureus in response to cell wall damage and provides various levels of intrinsic resistance/tolerance to cell wall-targeting antibiotics. The importance of this stress response in S. aureus appears to be reflected in the relatively large size of the CWSS and its induction by all classes of cell wall-active antibiotics (27, 36, 38, 42, 44, 47) . Homologous, LiaFSR-controlled CWSS from diverse species, including B. subtilis and the naturally competent S. pneumoniae, tend to be much smaller and induced only by antibiotics interacting directly with lipid II and/or specific murein hydrolases (12, 20, 45) . The CWSS are perhaps more specialized in these bacteria due to the presence of additional regulatory mechanisms, such as the multiple-cell envelope stress-responsive ECF sigma factors in B. subtilis and the production of the ComM immunity protein during competence in S. pneumoniae (12, 19) . These extra layers of cell envelope stress response systems may have diminished the importance and/or narrowed the scope of the LiaFSR-dependent CWSS in these bacteria (19, 51) .
This study investigated the roles of the individual genes within the of1-yvqF-vraS-vraR operon on CWSS induction and resistance to cell wall-active antibiotics. orf1 mutants were phenotypically identical to their respective wild-type parent strains, indicating that Orf1 plays no role in CWSS induction. Analyses of the remaining mutants identified similarities but also key differences between the VraSR signal transduction system in S. aureus and the corresponding LiaFSR systems of B. subtilis, S. pneumoniae, and S. mutans and the CesRS system of lactococci.
The most striking difference was that YvqF was essential for both CWSS induction and CWSS-mediated antibiotic tolerance in S. aureus. The homologous LiaF protein from B. subtilis and S. mutans represses LiaSR signal transduction, with liaF deletion leading to the constitutive expression of CWSS genes in the absence of an inducing signal (12, 20, 45) . The mutation of yvqF, however, abolished CWSS induction in S. aureus. The inactivation of yvqF and vraR had almost identical effects on resistance phenotypes to all antibiotics tested. MICs for vraS mutants, however, were often higher than those for yvqF/vraR mutants. These phenotypes correlated with those published for S. mutans, whereby the deletion of liaF and liaR both decreased resistance to lipid II-interacting antibiotics to comparable levels, while liaS mutants were generally slightly more antibiotic tolerant (45) . Disparate results regarding the effects of LiaFSR inactivation on resistance phenotypes in S. mutans have been reported (45, 53) and were attributed to the methods used for resistance determination, with some methods, such as disk tests, giving less sensitive results than comparisons of MICs and minimum bactericidal concentrations (MBCs) by broth microdilution (45) .
In this study, resistance phenotypes were compared using several different methods. MIC determination enabled the quantification of the impact of vra operon mutants on resistance levels, while PAP analysis and gradient plate comparisons enabled a more in-depth comparison of population resistance heterogeneity and the identification of subtle differences in resistance levels. PAP results confirmed that ⌬VraS mutants were less susceptible to glycopeptides than ⌬YvqF/⌬VraR mutants. Resistance profiles also showed that while ⌬VraS mutants were much more susceptible than wild-type strains at low antibiotic concentrations, they contained a subpopulation that was able to grow on higher glycopeptide concentrations than the wild type, indicating that vraS inactivation may actually increase tolerance to glycopeptides. ⌬VraS mutants also showed greater tolerance than ⌬YvqF/⌬VraR mutants to several other antibiotics, including flavomycin, fosfomycin, daptomycin, and the detergent Triton X-100. However, with the exception of daptomycin, ⌬VraS mutants were not able to grow on higher antibiotic concentrations than the wild type for any of these antibiotics. No vraS mutant-specific phenotype was detected on ß-lactams, ramoplanin, or D-cycloserine, as ⌬YvqF/⌬VraS/⌬VraR mutants all displayed near-identical resistance phenotypes by PAP or gradient plate comparison.
Decreased resistance to ß-lactams, including ceftobiprole, was only detected in BB270 (MRSA) mutants and not in RN4220 (MSSA) mutants, indicating that the CWSS only contributes to mecA-mediated resistance and not intrinsic ß-lactam tolerance. In BB270, oxacillin resistance levels decreased 8-fold, which is consistent with reported fold decreases for vraS or vraSR mutants of other MRSA (6, 27) . In some clinical, community-acquired MRSA, VraSR inactivation decreases MICs to below susceptible breakpoint levels (6); however, in highly resistant strains, such as BB270, the MICs of yvqF/vraSR mutants are still classified as resistant (9) . Despite being closely related, the RN4220 and BB270 strain sets also showed different resistance phenotypes on several non-ß-lactam antibiotics, including fosfomycin, tunicamycin, D-cycloserine, and bacitracin, which should not be influenced by the presence of the staphylococcal cassette chromosome mec element (SCCmec) in BB270. Reasons for these differences in both intrinsic resistance profiles of the wild-type strains and on the impacts of ⌬YvqF/⌬VraS/⌬VraR mutations are currently unknown. RN4220 is known to differ from other NCTC8325-derived strains in its general global regulation (17) , which may contribute to altered susceptibly profiles to some antimicrobial agents.
Resistance profiling by gradient plate analysis showed that ⌬YvqF/⌬VraS/⌬VraR mutation in S. aureus severely increased susceptibility to the detergent Triton X-100. Detergents are extremely potent inducers of the S. aureus CWSS (unpublished data), and although they are known to directly damage cell membranes, their induction of the CWSS is probably indirect, as Triton X-100 is known to alter autolytic enzyme activities (10) . In staphylococci and other Gram-positive bacteria, Triton X-100 has been shown to induce the release of lipoteichoic acids from the cell wall, which subsequently stimulates autolysin activities (18, 25, 37) and could thereby indirectly trigger CWSS induction. Detergent susceptibility was also shown to increase in S. mutans when liaFSR genes were deleted (45) .
Lysostaphin was the only inducing agent tested for which the inactivation of YvqF/VraSR had no observable impact on resistance levels in either strain; some other resistance levels, including those for daptomycin, D-cycloserine, and ceftobiprole, were also only marginally affected, although all four of these agents are inducers of the CWSS (36, 47 , and unpublished data). No apparent links could be drawn between the types of antibiotics or their specific targets and the impact of yvqF or vraSR inactivation on respective resistance/tolerance levels.
Reasons for enhanced tolerance or increased heterogeneous resistance patterns in vraS mutants could be, as hypothesized for liaS mutants in S. mutans, that VraR is being activated to some extent in the absence of VraS. VraR was shown to be autophosphorylated by acetyl phosphate in vitro and could therefore be activated by phosphotransfer independently of VraS in vivo and upregulate CWSS genes to a certain extent (2, 45) . VraS is also responsible for terminating the stress response signal by acting as a VraR-specific phosphatase (2) . It is therefore possible that VraR-controlled promoters are affected differently in strains with no VraR compared to strains with functional VraR but no VraS or YvqF. The expression of psas016 p -lucϩ was substantially lower in ⌬YvqF, ⌬VraS, and ⌬VraR mutants than in the wild type; however, there were small but highly reproducible differences in expression between these three mutant backgrounds. Reporter gene activity was ϳ2-fold higher throughout growth in BB270⌬VraS than in BB270⌬VraR, indicating that CWSS expression is somewhat different in these two mutants. However, the reasons for these subtle changes in CWSS gene expression and their relevance to the corresponding resistance phenotypes of ⌬YvqF, ⌬VraS, and ⌬VraR mutants requires further investigation.
The role of YvqF as a positive rather than negative modulator of VraSR signal transduction corresponds well with the resistance phenotypes of yvqF mutants. Increased CWSS expression has been linked to increased glycopeptide resistance in GISA clinical isolates and has been shown to contribute to in vitro-selected heterogeneous teicoplanin resistance (11, 23, 24) . Therefore, if YvqF inactivation had led to constitutive CWSS expression, as liaF deletion does in B. subtilis and S. mutans (20, 45) , resistance to teicoplanin would have increased rather than drastically decreasing. Following this logic, the point mutations found in clinical GISA and selected by imipenem/teicoplanin step selection (23) are likely to enhance signal transduction rather than leading to YvqF loss of function. BTH results indicated that the transmembrane protein YvqF interacted directly with VraS but not VraR and was therefore likely to be involved in sensing the unknown cell envelope stress signal responsible for triggering signal transduction, as previously suggested by Jordan et al. (20) .
